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We describe results from an experiment in which
TIJRS and GI’S satellites weIc tracked simultaneously
from a small (3 station) ground nctwmk in the western
United States. We refer to this technique as “GPS-like
tracking” (G] .-l’) since tbc user satellite-in this case
TDRS-–is  essentially treated as a participant in the CiPS
constellation. In the cxpcrimcnt,  the TDRS K,l-hanci
sl}:icc-tc]-grcjtll~d link (SG1,)  was tracked together with
GPS 1.-band signals in cnhanccd gcoctctic-quality GI’S
reccivcrs (TurboRogue). The cnhanccci  receivers
sitnultaneously  measured and recorciccl both the TIJKS
SG1, and tbc GI’S  carrier pbascs with sub-mm precision,
enabling subsequent precise TDRS mbit cictcrmination
with differential CJ1’S techniques. A small number of
calibrated ranging points from routine operations fit tbc
TIJRS ground station (White Sands, NM) were used to
supplement the G] ,T measurements ia order to improve
determination of the TDRS longitude. Various tests
pcrfrrrmcd  on T1)RS orbits derived from data collecteci
during this dcmonstratim-includitlg  comparisons with
tbc opcratirrnal prccisc orbit generated by NASA Goddard
Space IJligbt Center- -provide evidence that the TDRS
orbit has been cictcrtninccl  to better than 25 m with the
G] T tccbniquc.

lmprovctncnts  to enable 10 tn accuracy arc also
discussed.  I)rawing  on these results, as well as
cxpcricnccs  with automated Topcx/Poseidon  and GPS
orbit dctctmination  at J1’1.,  wc discuss prospects for using
GI.T to opcrationalty  collect and process TIJRS data for
orbit clctcrminaticrn,  including delivery of solutions within
a fcw hours alter maneuvers - all in a very low cost,
highly autotnated systcm with g,routtd sites close to White
Sands. 11s high potential for incxpcnsivc, automated higt)-
pcrfortnancc tracking should render the G1.T technique
a[[ractivc (o designers of NASA, military and commercial
sys(.sms used for orbit determination of satellites at
geosynchronous as well as other alti(udcs.

1. IN’1’RODUC1’1ON

Thr  Global l’ositioning  Systctn (GPS) is rapidly
etnerging as the tracking systcm of choice for a variety of
liarth  orbiting spacecraft missions. A convcntioaal
approach to GPS-ba<cd  orbit determination involves a
G1’S  flight receiver on-board the user spacecraft. }/or
satellites flying in low-} :arth orbit (1.IiO) well underneath
the shell formed by the CiPS constellation, a wide range of
configurations can bc considered. The simplest consists
of a tninimal G1’S flig,ht instrument requiring only a
ftaction of a watt of power and a few hunclrcd grams mass
[l,ir-h~c~~  cl al., 1995].  IIct[cr  performance can bc achicvcd
with o more. conventional flight receiver. I;or  the highest
acculacy,  data ftotn  g,round  CiPS t r acke r s  can  be
combined with the flight data. Using this approach, it has
recently been dctnonstratcd that  orbi ts  for  the
“ropex/Poseidon  oceanographic satellite could be
detcrjllined  to better than 3 cm (RMS) in the radial
direction using GPS [Bertiger  et al., 1994]. This result
can bc attributed in large part to tbc continuous tracking
:ind nlulti-directional observing geometry afforded by
GPS ia the 1,340 km al t i tude orbi t  occupic(i  b y
Topcxll’oseidon.

Arl alternative to catrying  a GPS flight rcceivcr
clnploys instead a sitnple beacon on tbc user spacecraft.
The beacon signal is trackcci alons with signals from tbc
GPS spacecraft in an mbanceci  GPS ground receiver. This
approach, which MC call C, PS-like  tracking (G1 .T),
exploits CJI’S to p] eciscly determine station coordinates,
and nicdia delays an{i to provide clock synchronization at
the glound  stations. in contrast to conventional GPS-orbit
detertnination,  a gcomettic  solution for the user orbit is
not achievable  and rnode]s of the forces perturbing tbc
spacecraft motion tnust bc uscci together  with the
observations. A limitation for low-lhlh orbiters is the
potential small fraction of time during which the. beacon
illuminates groun(i sites. Nonctbcless,  this alternative
remains attractive fot- ccrlain applications bccausc it can
exploit a pre-exist ing beacon signal (e.g., for telcrnctry)
an(i 1 ecluires  no additional spacecraft hardware for
dedicated orbit dctcrminatioa.
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The G1.I’ method  is  part icularly at tract ive for
spacecraft in high altitude mbits  (l~igure  1): while the
practical observability of G1’S signals degrades rapidly as
a foac[ion of altituclc above the G1’S constellation, the
number of ground stations that can be kept in permanent
view of a bcaccrn signal incrcasc [e. g., Wu, 1985] . At
geostationary  orbit, a ground  nclwmk can bc designed
that is pcrnlancntly  in view of the. beacon signal,
providing uninterrupted tracking.
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]?ig ]. I>iffercrltia] G]~S.]ike  tracking (G] ,1’) applied to
gcosynchronrws orbiter. lkmr simultaneous obscrvaticrns
of GI’S carricj  phase and pscudorange enable removal of
transmitter and rccciver clock offsets. After tracking for
12–24 hours, the G1’S orbits can bc dctcrminecl to a few
tens of centimeters. in GI. T, the carrier phase of the high-
Iiarth orbiter is also included and its orbit similarly
cstirnatcd.  This relationship is ciiscussed further by
I,ich!rtt  PI al. [ 1 993].

An attractive candiciatc  for applying tbc GI,T
tcchniquc is NASA’s Tracking and Data Relay Satellite
(T1)RS)  Systcrn. The T1~RS space segment currently
consists of 5 geosynchronous orbiters and is used by
NASA to support positioning and data relay activities for
a wide v:wict y of 1 larth orbit ing spacecraft. Accurate real-
time positioning of the TDRSS spacecraft is rcquirccl  to
support certain users: though the most stringent current
requirement is 200 m ( 1 o) for the Space Transporlat ion
System (STS), the planned Ilarth Observing System
(110S) platform will demand 25 m (1 CT) accuracy of tbc
TIJRS ephcmcridcs [Co.x and  OZ(i, 1994].

The current TIIRS orbit dcterrninaticm systcm is based
on the relay of cohcrcnt  signals through unmanned
transponders at globally distributed rcnmtc tracking sites.
These remrrtc beacons arc collectively referred to as the

Bilatel  ation Ranginr Transponcler  S y s t e m  (BRTS).
I;v:ilual ion of the TIIRS e.phcmcrides  suggests that orbit
accuracy is maiataincd  to better than 50 m using the
operational BRTS method [ Cm atld Ozcl, 1994]. This
level of accuracy does not meet the future FOS
rcquitiment; moreover, t he  schcclulillg  of B R T S
observations consumes TIIRS antenna time that could
otherwise bc used for servicing user spacecraft. In
recognition of this, a number of studies aimed at
identifying alternative methods for  TIIRS  orbit
detert~)il~ationl~  avcbect~ul ~clcrtaker~ [sccal.ro Mar.~lZall<f
al., 1995; Ozaera/.,  thcscproceedir~  gs].

1.2 G1’S-I.lKE 77(A Cii’lNG OF’7711(S

lJ1~Llcrthe(lilcctic)t~  olNASA, JPl,  hasinvcstigateda
number of prrlcntial ncw strategies for clctermining  the
TIJRS orbits lN{~/tdi c/ al., 1992;  Hait/es ef al., 1992].
Judge.{i  the most promising among thcm was a hybrid
approach which combined elements of CJI.T with a
spcci:ilized form of intcrfcromettic  tracking over very
short baselines (Corlnccted F.lement Interferometry  or
CM; see Edwards [’I 1~1., 1991).

The short baseline scenario is necessitated by the
naturco  fthecxisting  Tl)RSspacc toground  lir~k(SG1.).
The ‘J’IIRS SGI, S illuminate only a limited area of the
soutbwcsternll.  S. surroundir~g  the T1>RSIiarthstation  in
White Sands, Ncw Mexico (Figure 2). This preclucies  the
LISC of globally dispclscd stations for tracking the SCJI..
However, if a G1. ”1’ network fitting within the SGI.
footprints could be designed to deliver the desired
accuracy, significant bemcfits  could be incurred: 1) The
SGI. is always on when the TIJRS is servicing users.
Thus the signal can be passively monitored and no TDRS
services need bc schcdulcd  for orbit determination. 2) The
SGI. is broadcast at K,,-band (13.731 GHz). At this
frequency, thcclclay  caused by thcprescnccof  chargccl
particles along the signal path (i.e., ionospbcre  delay)
rarely exceeds a few cm in equivalent range. This
contl-itsts with the BRTS tracking, which is based on tbc
IOWCI  frequency $band  transmissions which arc
si~nillcantly  delayed by the ionosphere. (Several m of
delay is typical. ) 3) A small ground network in the
vicinity of the White Sancls complex (WSC) has many
c)perational  :idva])tii~cs: all the sites can bc readily
accessed for rnaintenarm,  and communications links to
the Ii~irth  station can be. made reliable and short.

}~(~llowir~g  the direction of NASA, JPI. designed an
cxpetimcnt  to delnonstrate  the feasibility of this
techtliquc. “1’he foundat ion of  the  cxpcrirnent  is
simultaneous tracking of G1’S and T1>RS signals over
sbor(  baselines to dcterlninc the TI)RS orbit [I,ichfetl ct
al., 1993]. Coinciclcnt  observation of CJPS and TDRS



signals in the salne ground rcccivcr enables calibrations of’
clock errors [f~uri~~ e~ al., 1991, 1993] and tropospheric
delays [I,ich(en, 1990], supplanting the fiber optic links
and expensive calibration devices that are nccdcd in a
connected clement  network. An added benefit is the
ability of G1’S to provide very prcciscly  (sub cm) the
positions of the tracking stations relative to one allothe~,
and the network orientation in the terrestrial rcfelence
frame [B/ewif( et al., 1992].

We note that the 61 ,T n~cIhod described herein uses a
mcasurcmcnt  type known in the CIPS community as
“differential carrier phase”. It is iastructivc to (hink of the
phase measurement as a range observation that is biased
by an atnount  corrcsponcting to an unknown integer
number of cycles alotlg the transmission path. };ach
modified TurboRoguc  station tracks the phase of the
TDRS SGI, with great precision (cnablect  by G]’S).
Contail)cd in the station-diffcrcnced  phase data is very
precise information on the velocity of the TIJRS
spacecraft in the plane-of-sky. lJsing the information in a
stan(iard  dynamical orbit determination strategy
determines very precisely five of the six osculating
(Keplerian)  clcmcnts  that describe thcgcosynchronous
TIJRS orbit, lnordcr  toclctcrminc  thelastcomponcnt--
the longitude of the satellite orbit or its down track
position in inertial space-sonle  knowledge of the range
to the spacecraft is nccdccl. To provide this information,
we used data from routine ranging done at WSC.

Additional information on the heritage of the
technique, and initial resul(s arc given by H(/itrc.r et al.
[1994]. I1crcin wc summarize the experiment
configuration and initial findings and report on some
extended results intended to address the operational
potential of the mcthocl.

2. JAN[JARY  1994 D1lMONS’I’RATJON

The T1>RS/(il’S tracking demonstration took place
from January 16-22, 1994. CiPS and TIJRS satellites were
tracked sitllLlltt\l~c(~tlsly from three sites: lil I’aso,  TX,
Socorro,  N M ,  a n d  l’asaclcna, CA (l?igurc  2). l’his
configuration permitted us to test the performance of sidc-
lobc tracking, as J]’]. is in a fortuitous location that placed
it in the first side lobe of the SGI ,s from both T1>RS-5
(1 75° W) and TI)RS-3 (62° W). I’hc other two stations,
operated from mote] rooms in 1 il Paso and Socorro,  were
within the main beam of the SG1, of both T1>RS-3  and 5.

The cornerstone of each tracking station was an
enhanced TurboRoguc GJ’S receiver. The TurboRogue,
developed at J1’1.  [Mcchan et al., 1992] and currently
globally distributed in a 50+ rcccivcr  network used for
precise GPS orbil determination and a variety of geodetic

and tectonic studies [Zumberge  et al,, 1994], was
augmented for [his experiment with a small, KU-band horn
antenna (opening dimensions 17 X 14 cm) and a K,,- to 1.-
band downconvcrtcr.  la addition, the TurboRogue
software was moclificd  to measure and record the phase of
the TI )RS SG1, with the same sub-mm precision and
receiver time-stamp as GPS carrier phase measurements.
I’his system :it-chitecturc procluccs  data products that
significantly simplify suhscqucnt  orbit determination
ploces~ing.

— ——— . .
Fig 2. Configuration of ‘1’I)RS/GPS  tracking network. The
footprint of the T1)RS-3  space-to-ground link (SG1,  )
durinp the January 1994 experiment is shown.

Fig 3. Schematic for the GPS ground receiver enhanced
to simultaneously ttack TI>RS along with CiPS satellites.
Jior the TDRS SGl,, which is at 13.731  GHz, a small
separate antcno:i with down converter was acldcd.

2.1 DATA

IJata  collection comntcnccd  on January 16 with
tracking of TIJRS-3. Also known as l’I)RS-Central,  this
spacccl  aft was seen at tin clcvat ion of approximate] y 30°
when viewed fl ml Wbitc Sands. TDRS-3  was trackecl for
nearly 5 days before the stations were reconfigured to
track ‘1’DRS-5 (Januaty  2 1). This spacecraft presently
occupies the wcstc) n slot and is seen at an elevation of
only 100 from White Sands. Although the TI>RS-5  track
spanned only 18 11OUM, this session was useful for
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understanding the effects of tracking at lower elevations.
A time line showing the data coverage for the experiment
is given in l:igurc 4. IJcpcnciing m the station, 8s–95%
tracking coverage was achieved over the course of the
experiment. The largest clata outage occurred on Jan. 18
w h e n  t h e  TIJRS-3  SCi I. was  sw i t ched  o f f  for
approximately 7 hours to support an antenna maintenance
activi ty UI WSC. All three sites did experience a
significant number of phase interruptions over the
duration of the experiment: the lw~gest period of time
duritig which all three stations tracked without a single
loss of lock was about 20 hr. Wc bclicvc that the number
of phase breaks can bc greatly reciuced  in future
demonstrations with changes to the  r ece ive r
Configlllaticm.
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Fig  4. Time line showing data coverage at each of the
three GPS stations over the course of the TI>RS tracking
experiment. Solici hori?.ontal bars indicate the receive~
was tracking. Vertical bars inciicatc that a loss of lock
occurred. -

I;igurc 5 depicts a sample of the raw T1)RS-3 data
from each of the tbrcc sites. The top panel gives the raw
phase measurement converteci to a biased 3-way range
(White Sands to TDRS-3  to (31’S  terminal) and the bottom
panel gives the signal-to-noise ratio. The range data show
the expected diurnal signature from the geosynchronous
TIJRS orbits. Ik)r TDRS-3, the peak to peak variation of
the 3-way range was -200 km, while for TJ~RS-5 (not
shown) the variation was only -30 km. This disparity is
attributable primarily to the different orbits occupied by
the spacecraft: TIIRS-3 was inclined by 0.7” relative to
the equator, while the TI)RS-S  inclination was only ().07°.
The TDRS-3 orbit was also slightly more eccentric. Also
worthy of note in l~igurc 5 is the lower characteristic SNR
for the J1’1, station. This reflects the decrease in signal
strength associated with observing the S(il, in the side
lobe of the antenna pattern.

As explained prcvious]y,  ranging information to T1>RS
is nccdcd to fix the longitucic  of the spacecraft. To satisfy
this rcquircmcnt, we used range observations from routine
Tracking Tclenlctry  and Control (TT&C) activities at
White Sands. These observations are baseci on trackinp, of

the K,,-band SGI, with 18-m antennae located at the
central ground teminal. The range data are not intended
for ptccise  orbit determination (a service which is
presently provicied by tile BRTS system). As such, the
observations can contain large systematic biases that,
without calibration, preclude achievement of high
accuracy  in detcminirlg  the longitu(ie of the TDRS orbits.
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Fig  S, Biased range (1’anel A) and signal-to-noise ratio
(Panel B) from TIIRS-3 carrier phase tracked at JPI., El
Paso, and Socorro on January 19, 1994. The station with
the low SNR is at JJ’1,, whicil tracked TDRS-3 from
within the first sidclcriw.

in (mder to estimate the range biases, wc calibrate(i  the
TT&(’ range (iata against the precise T1)RS orbits
generated at (iS1:C: using the IIRTS system. Shown in
Fig. 6 are the resi(iuals of the TT&C range with respect to
ti]e lIRTS orbits for I’DRS-3 over the course of the
experiment. Biases as large as 50 m (one-way) can be
seen. (Note the bim est i mates also reflect uncertain y in
station coorxiinatcs, errors in the BRTS orbits, and
poteniiai  inconsistencies in the processing of the data.)
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Fig  6. Residuals of’ White Sancis TIIRS-3 range data with
respect to BRTS-dcri  ved orbit from Godclard Space Flight
Center. A 1-way bias of 54.1 m was used in this study to
calibt ate the “1’1)1{S-3  range data for periods after 06:00
lJTC on January 19, 1994.



l~ol T1>RS-5, which was observed froll) all ~}evati[)ll of
10° from WSC, the partial clcrivativc  of the range bias
wilh respect to the spacecraft longitudinal position is
about 1/8. This implies that a 1(1 n] range bias could
translate into an 80-nI crmr in the longitude component c)f
the TIJRS, underscoring the proper calibration of the
ranging system.

2.2 SOI,(JTION  STRA 7EGY

The Llnified ‘H )RS/GPS orbit solutions were computed
u s i n g  t h e  G1l’SY/C)ASIS  11 s o f t w a r e  [Webb and
Zumbetgc, 1993]. Table 1 oLitlincs the solLltion strategy.
With the exception of a few elcmcn~s  that are not
cmrsistcnt  with a real-time solution, the strategy mirrors
that presently used at JPI. in the routine processing of
GPS data from the global lnt].  GPS Service for
Cieociynamics  (IGS) network [ZM)}dMrge et al., 1994].  In
particular, zenith wcl tropmphcrc  delays were estimated
as stochastic random-walk parameters, and clock offsets
were cstima(ed  as stochastic white noise processes at each
measurement batch.

Wc note that satellite states for the I’lJRS an(i all GPS
spacecraft were estimated, with a priori  for the lattel
coming from the broadcast ephcmcridcs. inasmuch as the
GI’S data arc collcctcci at only three ground stations, and
they arc quite close, the GPS orbit errors  are undoubtedly
nonuniform OVCI the globe, in this study, GPS provides
clock syl~cllror~iz.:ltiol~ and mc(iia calibration for our
network in the southwestern lJ.S. in this context, regional
in~provcmcnt of the GPS orbits is adequate. Additional
c{ctails on the solution strategy arc provicled  by Haitles  e/
(11, [ 1 994].

The TIIRS  phase data were n~odclcci as 3-way
rncasurcmcnts  (i.e., 2 legs and 3 participants). Although it
is instructive to think of TDRS as the originator of the.
signal (in the manner of C]]%), this is not strictly correct.
The signal originates at White Sands, and is transmitted to
TDRS which serves as a “bent-pipe” transponder,
redircc(in.g  the signal to the ground. It follows that we do
not SOIVC for the T1>RS clock offset in oLlr orbit
determination proccclurc,  but rather the offset of the
master frequency generator on the ground at WSC. This
modeling ensures that the IMpp]cr signat Llre frora  the
uplink is handled properly, i.e. it is not incorrectly
absorbed ia the TI)RS clock solution. The rwngc  data
from WSC were modeled as simple 2-way mcasurcmcnts.

Station coordinates for the TII1<WG1’S terminals in El
Paso, Socom and Pasadena were fixed at precise values
determined a priori  using the GPS data collected at the
sites. l>ctails on this proccdurc arc discussed by Hai~les et

al. [ 1994].  Thcil r e su l t s  sLlggest  that the s t a t i o n
coordinates have been dctcrmincd at the cm level relative
to the gcocenter.  lkm the 1 $rn WSC antennae that collect
the range data, wc used coordinates provided by NASA in
the W(iS-84 system. WC di(i not have a CJPS receiver at
WSC and thcrcforc  were unab]e  to estimate improvecl
coordinates. Any error in this station coordinate will
rnanifcst  itself as a range bias, which we estimated via
external calibration (as dcscribcd  in the previous section).

TAB] ,IC 1. I; STIMArI’lON  STRATI ;GY IT)R G1’S/T1)RS
ANA] ,Ys]s

————

l)ata Noise fl 50 s obscrvatioas]. . . ..—  ——

GPS carrier phase 1 cm
TI)RS carrier phase 1 Cnl
G1’S pseudorange 1 m
TIJ}{S 2-way range (1/hr) 5 m

A~~kJti.!iLeslit~~atcd  parameters

T1)RS position (X, Y, Z) 100 km
TI)}{S velocity (X, Y, Z) 1 nils
TI )1<S solar radiat it)tl p] cssLlre cocff. 100 %
T1)RS carrier phase biases IS
WSC range bias ( 1 leg) 1 m
GPS position (X, Y, Z) 100 km
G1’S velocity (X, Y, Z) 1 nils
G1’S carrier phase hiascs IS
G1’S spacecraft clock offset 1 s white
GPS gad. station clock offset 1 1 s white
White Sands station clock offset 1 s white
Cil’S  grid. statioa mmith wet trop. 40 cm

+5 cnl/i  day
random walk

1 J“il I’aso clock fixed—— — .—

_M()(lcls  .tlnd constants

TDRS solar rad. p] essute model ])11S
TIIRS area 40 Int
TDRS mass 1807 kg
GPS solar rad. p] cssure model T 1 o/T20
POlill motion (X, Y) l}ms-11
Iiar[h  rotation (UT] - UTC) IERS-B
GI’S  Station locatiol)s lTRF’91
White Sands station location WGS-84
I.ut) i-solar pcrturbat ions I)li-200
}iarlh gravity i~eld JGM-3

(12X12)

L. 3 ORB1l’ I)ill YXA~lAIA  7J0N  1<1<S[11.7S

We consider firsI  4 separate orbit arcs: three for TI)RS
3 and onc for T1>RS-5,  The arc lengths vary from 18 to 21
hours and span the period from January 1906:00 UTC to
January 22 13:00 ~J’1’C, l~or TI)RS-3,  the calibration
correct ioa of 54.1 n) was applied a priori to all the range



data. l@r TIJRS-S, which was tracked from a separate
antenna at WSC., range data were not available at this
writing. lkw range observations to TIJRS-5, wc sin~ulaied
nleasurements  from WSC using the BRTS orbit from
GSFC.

U I’ostfit  Residua!s

Table 2 gives tbc statistics of fit for the four precise
TDRS orbit solLltions. The root-mean-square (RMS) post-
fit observation residuals for the TIIRS and G1’S  phase
mcasurcnlcnts  were 2.6–5.8 mm and 2.8–3.0 mm
rcspcc(ivcly. That the TIJ1<S phase ciata can be fit nearly
as well as the CI1’S pbasc is encouraging, and suggests
that the TI>RS data quality is cxccllent  (Figure 7). The
G1’S pseuclorange, which is in]portant  for dctern]ining  the
clocks  offsets, was fit to 0.3 m (RMS). In the cases where
the TDI{S 2-way range were included, these observations
were fit to bctwccn 1 and 3 m (l{MS). While these
numbers arc instructive for cstinlating  bounds on the
measurement noise, they reveal little about the orbit
accuracy. I;or this, wc cxan~inc the frmnal errc)rs and
overlap statistics of tbc TDRS orbit solution, and compute
differences with respect to tbc BRTS-derived orbit from
Cislc.

TAB1 .112. ROOT-Ml lAN-SQUARll I’OSTII’lT
TRACKING I}ATA  RIiSllJUA1.S  }~OR TIJRS.

SK Arc 1 ;pocb TDRS TDRS w’s ciPs
(UTC) Phase Range Phase Rang<

(mnl) (In) (111111) (In)

TDRS-3  19-JAN  06:00 2.6 2.8 2.8 0.3
19-JAN 21:00 5.8 1.9 3.0 0.3
20-JAN 21:45 3.2 1 .(I 2.9 0.3

TDRS-S 21 -JAN 19:48 2.0 NA 2.7 0.3

RMS = 2.9 mm
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Fig 7. Postfit residuals for carrier phase from TDRS-3  as
trackc(i by Turbol<oguc G1’S receiver in Socorro, NM.

Iiot mal “noise-only” crt-ors fur the 4 orbit solutions
were nlapped over the rcspcctivc arcs, and the results are
sun~n)al-iz,ed  in l;igurc 8. 1 Wors al-e decomposed into the
height, cross- and down-track components of the orbit
position. The maximum 1 0 formal error over the -3-day
span is 21 m. The large (fown-track errors arc due
primal ily to the range bias, which is being estimated with
an a i~t-iori  standard deviation of 1 m. We note that there
is essentially no information for the estimation of the bias;
it serves only to inflatr  the formal errors so that they are
nlore I ealistic.

[4
100 —

20 m
~ %.
b . . . . . .
kl(r . . . . . . . . . .
w ,,. .......
co ..”” ..
z . .. ... . . . . .m . . ,. . .. . . .
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Fig 8. Bar graph sbowinp,  RMS formal crr&s of TD1<S
orbit solutions con~pL]tcd  as part of this study. The first
three solutions correspond to TIIRS-3 and the last to
‘rI}I<S-S. The arcs vary bctwccn 18 and 20 hours in
lengttl.

T\\o of the T1)RS-3 orbit solutions overlap by -4 hr
(I:igule 9). The RMS differences of the two solLltions
durinp the overlap is 2, 11, and 12 m in height, cross track
and down track respectively. These differences, though
smnewhat higher than the formal errors, suggest that the
orbit lwecision  is better than 25 m (RMS).

TDRS-3  OVERLAP

I I
I 19 hour arc

1’ 20 hour arc I
I I

~ 4 hr data overlaplI I
F Jan 19 v Jan 20 ‘1

]?ig ~. schelnati~  (lf orbit over]ap for  TDRS-3 o r b i t
comparison. The RhlS differences in height, cross track
and down track cluring the overlap are 2, 12 and 11 m
respc(tivel y.

2.331 ;xternal .Astcsstncuts of Orbit lfi

while the formal  errors  and ovcr]ap statistics from the
solutions are instt uctivc for charactcri7ing the general

behavior of the mbit crtors, it is important to note that
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they nlay represent unctcrcstinlatcs  of the actual orbit
error, and thus should be interpreted with caution.
SySl~lll:\tiC Crt”or’ SOLII’CCS,  SUCh as those dLIC tO LIIIIllOdC]Cd

solar radiation pressure effects, non-random variations in
the tracking observations, and errors in I iarth rotation and
orientation paranlc[crs  cat] augment considerably the
act Llal orbit error. A better measure of the orbit acc Llracy
is thus gained from cx[crnal comparisons. To this end, wc
compared our TIJRS orbit solutions against the precise
BRTS-clerivcd orbits. These orbits arc thought to bc
accurate to 50 m or better in total position ( 1 -o). The
comparisons were pcrfortncd  in the inertial (J20fiO)
refcrcncc frame.

l;igare  1() shows the ciiffcrcnce  of our solution for
TIJRS-3 nnci tiw IIRTS orbit for the first orbit soiution
( e p o c h  of i9-JAN-  i994  06:(N  tJTC).  T h e  R M S
ciiffercnces in hcigi~t,  cross and ciown track are 2, 22, anti
14 m rcspectivciy. Ibis ]cvci of agreement is considered
qLlitc  cncoLlraging,  an(i was scrnwwilat  unexpected given
pubiishcci estitnates  of the crtwrs  in the BRTS orbits. It
shoLIld bc rcmcmbcrcci,  however, that the. down track
conlponent of our orbit (i.e. longitLlcie) is constraineci to
match the BRTS orbits in the bias tcrn~ via the range
calibration.

-30

t 1 1
1 ‘+

o 5 10 15 20
Hours After 19-Jan-1994 06:00  UTC

Fig 10. Tin~c series of TDRS-3 incrtiai orbit differences
(this stuciy vs. IIRTS orbit from Goddard Space Fiight
Center) for January 19, 1994. The RMS differences in
ilcigilt, cross track, anti down track are 1.6 nl, 22.4 m and
14.2 m rcspcctivciy.

IJigurc 11 sumnlariz.cs  the ciiffcrcnces  with respect to
the IIRTS orbits for aii four soiL1tions. The RMS
ciiffcrences  range from 1 to 9 m in height, 13 1030  m in

cross track, an(i 14 to 30 m in down-track, and the
maximum difference over the entire -3 day span is 52 m.
Iispccialiy encouraging are the rcsuits for TJJRS-5,  wilicb
was tracked at a very low clcvat ion (100), Moreover, the
signat Lmc that TI>RS-5  traceci in tile plane of sky was very
compact comparcci to ti~c one for TDRS-3. Despite these
important differences, the 1’1)1<S-5  orbit accuracy apjwars
only slightly cicgradc(i.
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Uig 11. Bar graph summarizing RMS TDRS orbit
differences (this study vs. llRTS).@J  first three soiLltions
corr-eslmnd  to TIIRS-3 an(i the iast to TIJRS-5. The arc
lengths vary between i 8 and 20 hours in icn,gth. The
iargcsl excursion ovct the entire set of comparisons is 52
111.

13 Llilciir~g on ti~c rcsuits  of the evaluation of the
tt-ackitlg data froln tile cxpcrimcnt,  we performed a
covari:lnce  anaiysis to further assess the orbit accuracy. In
this stlldy, the sensitivities of the TIJRS orbit to certain
utlestiloatcct pararnctcts were also computcci anti uscci to
augment the formai “noise-oniy”  error contribution.
These Llnestimattxi or “consi(icr’)  parameters arc inciucied
in coi’ariance  anaiyses  to yiclci nlore realist ic error
cstima~es. The consi(lcr  parameters and their associateci
et-rors ( i 0) arc given in ‘i’abic 3.

‘1’AII1,ll  3. CONS1i)liR l’ARAMliTI;RS AND
UNCllRTAINTJi;S 10R COVARIANC1~  ANAI.YSIS.

Cc)tnsi(icr Parameters

T1)RS solar ra(iiat ion pressure coeff. 2 Yo
WSC range bias 1 m
WSC zenith wet troposphere (range) 10 cm
ionosphere delay (K ,,-banci) 100 Y. Bent
Gravity mocici crrot 50 % JGM-3 –

WGS-84
Tracking st;ition b:ise.iincs i cm Iiasl

1 cm North
2 cm Verticai

X, Y Pole Motion io cm
U’I’ I -lJTC 3 mscc

— — — .  .—

With the exception of the solar radiation pressure
coefficient and WSC ]angc bias, aii other parameters were
treate(i in accorciance with the estinlation strategy shown
in Tabie i. In kecpirr~ with a conservative approach, the
solar I adiation pressure coefficient an(i WSC range bias
were [lot estimated, I athet they were trcatcci as consider
parameters. In order to account for the possibility of
anon) aiies in tracking ti]c SCII, (as experienced in the
actuai cxpcrinlcnt;  compare }Jigure  4), the phase biases



were occasionally reset according to the assumption that
at least one of the three stations (Ill Paso, SocorIo, or JP1.)
w o u l d  l o s e  lock every 8 hours on average.  Also
noteworthy is the absence of consider parameters for the
location of the  WSC range station. Any error in this
position would bc reflected in the range bias computed
from the IIRTS orbit. (In practice, the range station could
be sLlrvcycd  in with the remote TurboRogLle  stations at
the cm level using a G1’S  survey. Any residual error
would be negligible in comparison with the Llncalibrated
portion of the r&gc  bias.)

o 5 1“0
RSS Position Error (m)

J
) 20

]?ig  ] 2. Relative contributions of various error soL]rces  f~l-

TDRS-5  orbit determination based on covariance
analysis. These results apply to TDRS-5 data collectcci
during the January, 1994 experiment (18 hour arc).

Shown in l;igLlre 12 are the errors for the TI)RS-S
orbit sol Lltion (epoch 21-JAN-1994 19:48 UTC) separated
by source. The TDRS-5 case was selected because this
spacccr:Lft occLlpics the western cmbit slot, and the resLllts
are of greater operational consequence than the
corresponding results for T1>RS-3.  Evidenced in the
Figure arc the dominant contributions of the formal
“noise- only” errors and the station location errors for the
GPS/TJJRS tracking terminals. These error sources are
particLllarly  imporlant in shorter arcs, i.e. spanning less
than a fLll] diLlrnal rCVOILltiOtl  of the Spacecraft,  as the
so lu t i on  w i l l  have  ctLhancecl sens i t i v i t y  to  e r ro r s

associated with the  measurement models.  lkrors in the

parameters describing the  liarth orientation and rotation

(UT 1 –lJTC an(i X, Y Polar Mot iolL or “UTI’M”)  are also
large contribLltors, bLlt they affect the orbit only in the.
inertia] reference frame. The J~cxl largest error source is
the range bias. As tbc range bias has been calibrated using
the BRTS orbit, it was assigned an a priori stanclard
deviation of I m (1 leg). A more realistic estimate of the
range bias from the WSC.  woLIki aLlgnlcnt  tile orbit emor
significantly. (This will be (iiscLlsscd fLlrtimr in Section
3. 1.2. ) The total RSS 3-d orhit error is <20 Jn for this -18
hr solution. Tilis rcsLllt corroborates the finciings  of the
internal aJIci external orbit tests cicscribcd earlier. and

suggcsis  that tile TIJRS orbit accuracies achieveci for the
expcrii]lcnt  arc beticr ti~an 25 Jn ( I G).

A CI itical rcquircmcnt for TIJRS orbit determination is
tbc pr(~mpt  recovery of the trajectory estimates after a
statiom keeping n~anellver. In recognition of this, we have
examitled the effects of reducing the arc length on the
error ill the recovered orbit. Our nominal orbit solution fol
this comparison is a 34-hr” arc for TIJRS-3. Gradually
shortct tracking data arcs were used in computing orbit
so] Lttions for comparison with this nominal ephemeris.
Dcpictcd in l~igLlrc i 3 arc the ciifferences with respect to
the Ilolninal  ~4-hr SO] LJtiOJl; these rcsu]ts SLl~~CSt  that 75 J]]

orbit }]recision  is hcing approached witi~ oniy 4 hours of
trackitlg. (The current Jc.quirement  for STS is 200 m (1 CJ)
within 4 hours afler a maneuver [Cox at~d Oza, 1994]. )
I)ifferrnces  of the 12 hour arc witi~ respect to tile nominal
are less tilan 20 m in aii coniponents.

l~ig 13. liffect  of solution arc length on precision of
recovered TDRS-3  orbit. ‘l’he orbit differences shown are
taken with respect to a nominal 34-hr solution.

Tile results in lJigL]re i 3 arc instructive, but show only
intertlai consistency of a single set of test solutions for
T1>RS-3. Clearly, a(i{iitional  work is warranted on the
issue of rapid trajectory recovery. This is ciiscusseci at
grea[cr  length in %ction  3.2.

3. F(ITURIC l) I; MONSIRA’I’IC)NS

For the TJIRS stLlciy, there arc a number of oLltstancling
issues that shoLlld be addresse(i  in examining the
operational viability of the CJI .T ai)iwoach. We plan to
perform another dcmonstrat ion of the system in which al I
stations are dcploye~i in tile immeciiate  vicinity of Wi~itc
San(i\ within the main beam of the SGI.S.  A smaller



nc[work (-100 km baselines) will be used and the
duration of the demonstration will bc extended so that

some maneuvers can be tracked. A new ground station is
in place at White Sancls (Second TDRS Chund Terminal
or STCJT), and a close examination of the new TT&C
range ciata is also warranted. ]n anticipation of this
demonstration, some covariance  analyses have been
perlormcd to assist in the design of the experiment.

.7.1 COVARIANCfi  ANA I.YSES

l;or the covariance  study, the towns of 1 .as Cruces,
Truth or Consequences and Tularosa, Ncw Mexico were
selected for the tracking sites. These towns all lie within
the main beam and bascl ines among them form) a triangle
with -1 (N km Icgs surroun(iing  ti)c T1lRS White Sands
station. Witil the exception of tile tracking stations, the
assumptions for the covariancc study are identical to those
comprising the estimation strategies outlined in Tables 1
and 3. TIJRS-5 was chosen for the subject of this
covariance study owit~g to the greater operational interest.

ljor nominal orbit clctertl~il~:lti[)l),  we assumed that the
sarnc arc lcngtb (42 hours) currently applied in the
processing of the I~RTS clata woulci  bc used. With this
nominal approach, tile covariance  analyses suggest that
the 25 m orbit accuracy requirement for T1>RS can be
reaciily rncl with a properly (iesigned system. The largest
contributor to the T1)RS-5 orbit error is nlisnmleling  of
the LJTPM parameters. As noted eariier, the UTPM values
do not impact tile accuracy of the orbit in the crust-fixed
terrestrial rcfercncc frame (TRli).

L 1 1 1 1 11 1
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Fig 14. Rclati vc contributions of various errors  sources
on TI>RS-S  orbit cietermination (3-d) based cm covariance
analysis. This excrcisc assumes baselines of -100 km for
the GPS/TIJRS stations, and a 42 hr arc. The total 3-d
orbit error is 12- 16 m, cicpcnciing on the reference frame.

l’h~ next largest ct-ro]-  source fl-om ti~c covariance
result (l~igure 14) is the bias of the range mcasurcrncnts
from WSC. Recall that an a ptioti vaiuc of 1 m (single
leg) was assisncd  to tilis parameter in the covariance
study. CM meter is optimistic, being considerably smallel
than tile design specification of the ranging system at the
STGI’  [ CO.X atid Oz,ci, 1994]. This prompted LIS to perform
an analysis to determine the maximum range bias that
corrlci bc tolerated before the future TDRS orbit
clcternliaation  requircnlcnt of 25 m is exceeded. Na~ldi e/
al. [ 1 992] performed a simi Iar evaiua(ion  for a connected
elemctlt network neat WSC, but the assumptions were
somewilat  different. h40st notable among the differences,
the noise figure of ti~e diffcrenced phase observable in
their study was due mostly to  unmo(icled  tropospheric
fluctuiiti~ns.  Since we arc using GPS to estimate the
zenith troposphere [~,ichfe~~, 1990], the errors should be
sip,nificantly stnaller.
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Fig 15. Expcctcxi Position Ilrror for TI)RS-5 (RSS)  as a
function of the WS range bias ( 1 leg) for 100 km network
from (wvariance  analysis. I’hc 1 -leg bias must bc known
to better than 3 m in order to support 25 m (1 6) orbit
detcrt]lination  for ‘1’111{S.  The orbit error is given in both
the inertial (J2000) and terrestrial reference frames (TR1:).

l~i~ure 15 gives the expected 3-d orbit accuracy (RSS)
for I’J)RS-5  as a function of the range bias. The plot
indicates that the range bias must be kept under 3 m in
order to maintain the orbit error below 25 m ( I o).
Keeping in mind that orbit errors attributable to the
“consicler” parameters in our covariance analyses scale in
a linew fashion, it cal) bc seen (con~pare  Figure 14) that
the range bias enlcr~!cs as the Ieaciing contributor to the
orbit error  once it cxcc.cds -1 m. This behavior is further
iliustt atcd in I:igulc 15, which shows the total 3-d orbit
error i ncrcasing  in arl appl-oximate Ii near fashion once the
bias exccecis 3 in. I;or  these regimes, the expected RSS
position error call bc approxinlateci using the partial
deriv:itivc of the ran~,e bias with respect to the satellite



longitude. As notcci earlier, for observing TIJRS-S at 10°
elevation from WSC, the value of this partial is aboul 1/8.
Hence a 10 m bias will result in an orbit with a 3-d
accuracy of about 80 m. The error will bc manifest almost
entirely as a simple bias in the lm~gitucie  of the satellite
position. 1 n order to meet the 1 ;0S  requirement for TDRS
orbit determination, the range bias (1 leg) should be kept
below 3 m. This result appl ics in an approximate sense to
TI>KS satellites in the eastern slot as well, since the
elevation as seen from WS is nearly the same.

‘I’he STGT rangiag  system is under-going testing at
WSC, and the  ranging clata from there should be
improved. I.acking accurate enough data with the new
system, a calibrated mcasurcn~ent  might be obtained by
tapping into the uplink and downlink at White Sands with
additional  enhanced TurboRoguc receivers.

~.i ,imitinp orbit Accurg

I;igurc 15 also suggests that, with unbiased range
nleasuretnents  (< 1 m), the Ri orbit accuracy (1 O) for
TDRS-5 can be brought below 10 m using the G] .T
technique. Though this remains to be demonstrated with
actual data, it nonetheless underscores the remarkable
precision of the diflercnceci  phase observablcs. That these
measurements taken over very short baselines (-100 km)
have the potential to supporl  10 m orbit accuracy for a
geosynchronous spacecraft is a tcstinmny to the powerful
ability of the G]% data to enable ultra-precise time
transfer and reliable calibrations of atmospheric delays.

3.2 7’RAIEC1’ORY  R1<COVERY

An additional important requirement for TIIRS orbit
cietcrn~ination  is the trajectory can bc recovered rapidly
after a station-keeping maneuver. Kesults  from the
January 1994 demonstration (Figure  13) provide evidence
that the current STS requirement of 200 m TIJRS orbit
accuracy within 4 hours of a maneuver can bc met.
Additional data should  bc collected under a variety of
conditions to make a more compelling case; this will bc
one of the prin~ary goals of our next demonstration.

l:or improved accuracies in post-nlancuvc  rtrajectory
recovery, additional options can be explored. Since the
short-baseline diffcrcnccd phase data is not strong enough
torccover  thctrajcctory  at the25-50nl  level from a cold
start in a few hours, we would attenlpt  to include the
maneuvers(s) in the orbit solution arc [c. g., Namfi et al.,
1992]. lrltllc si)ll}>lcst  a~~}~roach, avelocity  ir~~1~ulsecollld
be estimated at the burn time. (liven if the time of the
burn coul(i not bc supplied a priori, or it could bc detected
by interrogating the continuous phase obscl”vations  in a
preprocessor. in recent analysis of similar G] q’ data from

the lnlnarsat  geosynchronous spacecraft [Kelecy et al.,
1994], wcreadily  dctectc(l:i  statior~-keel>il~ g1~lal~cuvcri1~
prefit  tracking data r“csidua]s. ) Iistinlating  a velocity
impulse at the burn titnc has been applied effectively for
recovetirrg  the IN’S  orbits aftera maneuver [l,ichfc~l (Jml
Berfigcr, 1989]. Sinccthc  station-keeping n~atleuvcr sofa
geosynchronorrs  satellite arc generally long in duration,
more advanced approaches might prove necessary (e.g.,
estimating of stochastic accelerations in the presence of
hi.ghcl. resolution ground track ing.)

4. DISCUSSION

Thr  resul ts  fronl the lanaary 1994 TI~RS/G1’S
trackitlg  ciernonstration suggest that uncier  nominal
conditions the shorl-baseline G1.T rncthcxi  can be used to
{iclivct TIJRS orbits writh accuracies better than 25 m in
total lmsition. Covariancc studies provicic  cvicicnce that,
with a properly (iesignc~i system, 10 m accuracies can be
achievcci using this lnctiloci. In an actual operational
scenal io, it woLIIci  be ne.ccssary  to obtain these results in
real time. in this context, we note that entire orbit
cieternlination procedures were run on }11’ work stations,
and that the sequence of programs required to generate an
ephcnleris file consume a cumulative CPU time of only a
few minutes. Ihcse program sequences can be automated,
as has been done fot computing l’opcx/Poscicion  orbits
[ Wu cl al., 1 994], in a recent ciernonstration of the
‘1’(J1~cx/I’oseidc~l~  autolnatcxi  system, orbit estimates were
delivered within 24 hours of the receipt of tile lligbt data.
I’or this exercise, a conlbination  of orbit fits and
pre(ii(tions  pcrmitte{i achievement of raciial accuracies
better than 1 m ia real time.

Although ti~c tracking station equipnlent was operateci
and nlcmitore(i by 11)1, scientists and engineers during the
Janual’y ]994 dcrllc)rlstf”atic~  tl, it is straightforwarci  to adapt
the current setup for unattcncieci,  continuous operation.
The cnilaace.ci G1’S receiver anti antennae can bc
combined with a tt~o(icm and phone line to permit
autonlatic  monitoring, an(i data offloaciing  by remote
computer. I;xpcc[cci tracking station nlaintenance  anti
repait is mininliz.c(i (iuc to the high level of autonomy an(i
low systcn~ component count. l’his feature has in fact
already been dcmonstrtitcd with the performance of the
continuously operating global network of Rogue and
TurboKogue  GPS re.ccivers. The maturi ty  of  GPS
technology, flexibility of the TurboKogue architecture,
and simplicity of the demonstrated tracking station ali
contribute to low cxpcctcd  system costs.

If son~c of the issues ad(iresscd  in Section 3 can be
addrcsseci  in the next (ler~~ol~strati(~~~,  then the shc)rt-
bascl ine G1 .1’ method offers some ciistinct  advantages for
future TIJRS tracking. Among  them are: 1 ) low-cost of



the small antennae and enhanced GPS receivers i n
comparison with larger systems typically used for
geosynchronous tracking; 2) accuracy rivaling connected
element networks for the calibration of media, Earth
platform and timing  errors from the simultartcous
o b s e r v a t i o n  o f  I’l>RS and CiPS; 3) o p e r a t i o n a l
convcnicncc  and maintainability afforded by a small,
simple tracking stations in the vicinity of White Sands (as
opposed to the present globs] network); and 4)
processing systcm that lends itself to a high-level of
automation, even on a dcsk(op work station.

Similar benefits could bc shared by other future
missions aciopting  the GI .T tcc.}]nique. In the case of the
NASA I>ccp Space Network, which supports high-Earlh
orbiters in acldition  to deep space probes, valuable large
antenna time could bc freed up for more dedicated
interplanetary tracking sessions. The high potential for
inexpensive tracking should also be attractive to designers
of NASA, military and ccrmmcrcial  systems used for orbit
determination of geosynchronous satellites.
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